By immunochemical methods we had presented evidence for a primary acceptor complex for photosystem I of photosynthetic electron transport. During purification of this complex, obtained as a water soluble fraction from ether treated lyophilized chloroplasts, two low molecular fractions are also obtained, which may or may not have relation to the primary acceptor. The purification and identification of these low molecular fractions is reported. One, absorbing at 275 and 335 nm, consists of several flavonoid glycosides. The aglycon of the main component is tentatively identified as a 3-methyl-6,7-methylenedioxy-quercetagetin. The chromophore of the other low molecular fraction, absorbing at 312 nm, contains two cinnamic acid derivatives, which on alkaline hydrolysis yield p-coumaric acid. The relation of the two low molecular fractions to other fractions of various activity isolated from chloroplasts is discussed.
Identification of Flavonoids and Cinnamic Acid Derivatives from Spinach Chloroplast Preparations
By immunochemical methods we had presented evidence for a primary acceptor complex for photosystem I of photosynthetic electron transport. During purification of this complex, obtained as a water soluble fraction from ether treated lyophilized chloroplasts, two low molecular fractions are also obtained, which may or may not have relation to the primary acceptor. The purification and identification of these low molecular fractions is reported. One, absorbing at 275 and 335 nm, consists of several flavonoid glycosides. The aglycon of the main component is tentatively identified as a 3-methyl-6,7-methylenedioxy-quercetagetin. The chromophore of the other low molecular fraction, absorbing at 312 nm, contains two cinnamic acid derivatives, which on alkaline hydrolysis yield p-coumaric acid. The relation of the two low molecular fractions to other fractions of various activity isolated from chloroplasts is discussed.
In photosynthetic electron transport of chloroplasts on illumination water is oxidized and a terminal electron acceptor is reduced. In this reaction two photosystems are involved. We have recently reported on evidence for the existence of an endogenous primary acceptor of photosystem I in chloroplasts 2 . We had obtained an antibody against this acceptor and had isolated a fraction from ether treated chloroplasts, which would neutralize this antibody 2 ' 3 . This fraction, called SL-eth ? should therefore contain the antigen, i. e. the presumed primary acceptor. We have reported on the purification of this fraction into a high molecular weight protein, possessing the antigen activity and tw r o low molecular fractions 3 . This paper presents results on the isolation, separation and identification of the later compounds.
Materials and Methods

Isolation and Separation
The antigen fraction, called SL-eth, was prepared from spinach chloroplasts according to REGITZ et al. 2 , but the heat inactivation step was omitted. Crude SL-eth (from broken chloroplasts of about 200 mg chlorophyll content) was layered on top of a Sephadex G-75 column (2.5x30 cm). The volumetrically collected water eluate yielded -as already described 3 -a green fraction, a yellow high molecular fraction (2max 275 nm), a blue fraction of plastocyanin and two low molecular yellow fractions, which came down close together. The low molecular fractions of five consecutive runs of the Sephadex G-75 column were concentrated in vacuo to about 3 ml, centrifugated and chromatographed on a Sephadex G-25 column (2 x 80 cm) with water as eluant. Fractions with absorption maxima at 260 and 310 nm (yielding low molecular fraction I -the cinnamic acid fraction) and at 275 and 335 nm (yielding low molecular fraction II -the flavonoid fraction) were collected.
Low molecular fraction I was chromatographed on a diethyl-aminoethyl cellulose column (3x6 cm, DE 52, Whatman). The chromophoric group with an absorption maximum at 310 nm is adsorbed, whereas a substance with an absorption maximum at 260 nm comes through the column without retardation. The column is then washed with water and then with NaCl solutions of increasing NaCl content. The chromophoric group, absorbing at 310 nm, is eluted from the column at a concentration of 0.3 M NaCl. These fractions with an absorption maximum at 310 nm are passed through a Dowex 50 W X 8 column (3x6 cm) for removal of Na® ions. The resulting acidic solution is lyophilized. Further purification is achieved by dissolving the residue after lyophilisation in diethyl ether, extracting the cinnamic acid derivatives into 5% NaHC03, and recovering them from the acidified water phase by repeated extraction with diethyl ether.
For the preparation of greater amounts of cinnamic acid derivatives and flavonoids the following procedure with whole spinach leaves was used. 500 g of spinach leaves were cut to pieces and boiled for 1 hour with 11 of water. After passing the mixture through cheesecloth, the resultant filtrate was evaporated to dry in vacuo. The residue was extracted with methanol in a Soxhlet apparatus, the methanol evaporated in vacuo and the residue dissolved in 15 ml of water and acidified to pH 4. This solution was layered on top of a /V-acetyl polyamide column (3.5 x 8 cm, MN Polyamid 6-AC, Macherey & Nagel) and eluted with water. A brown eluate, appearing first, is discarded. The elu-tion of cinnamic acid derivatives is monitored at 310 nm and about 700 ml are collected. This fraction is further purified as described above.
Flavonoid compounds are then eluted with a water/ methanol gradient with increasing amounts of methanol up to 100 per cent. About 2 1 of yellow flavonoid solution are obtained. The eluate of flavonoids is evaporated to dry in vacuo and dissolved in a minimum amount of water. 2 ml of this solution are chromatographed on a cellulose column (3 x 90 cm, Avicell Merck) with 15% acetic acid. Elution is monitored at 335 nm. Four fractions are obtained. Corresponding fractions of several consecutive runs are combined and lyophilized.
Hydrolysis and Chemical Procedures
Acid hydrolysis of flavonoids was carried out by boiling 2 hours with 6% HCl and extracting the aglycon with ethyl acetate.
Cleavage of aromatic ether linkages was achieved by boiling 1 hour with equal amounts of freshly destilled 67% hydroiodic acid and acetic anhydride. After evaporation of the acetic anhydride in vacuo and dilution with water the flavone was extracted into ethyl acetate. Elementary iodine in the ethyl acetate phase was reduced by shaking with a dilute solution of sodium thiosulphate and thus removed from the ethyl acetate phase.
Quercetagetin was obtained from the hexamethyl ether * in the same way.
Alkaline hydrolysis of cinnamic acid derivatives was brought about by stirring with 2 N NaOH at room temperature for 4 hours under nitrogen atmosphere. After acidification to pH 3, the cinnamic acid was extracted with diethyl ether, re-extracted into 5% NaHC03 and recovered from the NaHC03 phase by repeated extraction with diethyl ether prior to acidification.
p-coumaric acid methyl ester was synthesized according to HARBORNE and CORNER 4 .
Catalytic hydrogenation was achieved with palladium/charcoal as catalyst.
Thin Layer Chromatography
The following solvent systems were employed (all mixtures by volume, if not indicated otherwise) :
Cellulose (DC-Fertigplatten, Merck) : a: tert. butanol-acetic acid-water 3:1:1; b: 15% acetic acid; c: n-butanol-acetic acid-water 4:1:5 (upper phase); d: water; e: ra-butanol-2 N NH3 1:1 (upper phase); f: n-butanol-ethanol-water 4:1:2.2; g: benzene-acetic acid-water 6:7:3 (upper phase); h: sodium formiateformic acid-water (10 g : 1 ml : 200 ml) ; j: 2% acetic acid.
Polyamide (Macherey & Nagel, Polygram Fertigfolien Polyamid-6) k: methanol-acetic acid-water 90: 5:5.
Chromatograms were examined in UV-light of 350 nm, in the presence or absence of ammonia vapors.
Flavonoids were sprayed with B e n e d i c t's reagent and cinnamic acids with 2% diazotized sulfanilic acid in 10% Na2C03.
Spectroscopy
UV-spectra were determined in a Cary 15 spectrophotometer. The procedure of MABRY et al. 5 was used to obtain diagnostic shifts of flavonoid spectra on addition of various reagents. Mass spectra were determined in a Atlas CH 7 mass spectrometer. Trimethylsilylation was achieved by adding a few ju\ of bis-(trimethylsilyl) acetamide to the sample, prepared for mass spectrometry, and heating to 100° for a few minutes.
Results
As has been reported already, the crude antigen fraction SL-eth» which neutralizes the antibody inhibition of the presumed primary acceptor of photosystem I, can be separated on a Sephadex G-75 column into several fractions 3 . The two low molecular fractions thus obtained may or may not be related to this primary acceptor. Their further purification is described in methods. As will be documented in the following tables and figures, we have identified the compounds in low molecular fraction I as cinnamic acid derivatives and in the low molecular fraction II as a mixture of flavonoid compounds.
Low molecular fraction II -flavonoids
Two dimensional thin layer chromatography of the purified low molecular fraction II revealed the presence of nine flavonoid compounds. /?/-values are given in Table 1 The final column chromatography on the cellulose column yields four fractions. They correspond to the following compounds in thin layer chromatography (in the order of elution) : D 1 -D 4, C 1 and C 2, B 1 and B 2 and finally A. Compound A proved to be chromatographically pure and idenfification was started with this compound. As rational for the identification procedure it was assumed that compound A (^max (methanol) 250, 276 and 338 nm) is a glycosidated flavonoid. Acid hydrolysis yielded 1, whose absorption spectrum could not be referred to a common flavone. Additional substituents, especially ether linkages, were assumed. Therefore further cleavage with hydroiodic acid was carried out, yielding the basic flavonol 2. The presence of a methyl and a methylenedioxy group was established in 1 by mass spectrometric analysis, again done by Dr. D. MÜLLER. The mass spectrum of the tris (trimethylsilyl) derivative of 1 is shown in Fig. 1 ; only peaks >350 m/e are indicated.
-O'^y^oc^ B OH 0 A00 450 500 550 m /e Fig. 1 . Mass spectrum of (trimethylsilyl) derivative of compound 1 (3-methyl-6,7-methylenedioxy-quercetagetin).
Neglecting an impurity at 563 m/e, 560 m/e proved to be the molecular ion. As known from the mass spectroscopy of trimethylsilyl compounds, a methyl group is split off very easily, yielding the fragment ion 545 m/e. The high intensity of 545 m/e, compared to the molecular ion, is due to the formation of a six membered silyl ring and a very stable aromatic system. 488 m/e, which is the base peak in this spectrum, is not due to an additional fragment ion, but to the bis (trimethylsilyl) derivative of 1 with one free hydroxyl group. As is known from methylation, the strongly hydrogen bonded hydroxyl group in the 6 position is only substituted with difficulties. The corresponding fragment ion after loss of a methyl group, 473 m/e, has only very low intensity, because a stabilizing effect by ring closure is impossible in this case. Additional proof for the presence of a methyl and a methylenedioxy group in 1 was given by high resolution mass spectrometry. The molecular weight found was within the value of 0.009 mass units for the exact calculated molecular weight of 1. Further information, concerning the position of the above substituents, could not be obtained from this mass spectrum. No additional characteristic fragment ions could be observed.
The substitution pattern is tentatively established by UV-spectroscopy (^max of 1 in methanol: 258, 268, 275 sh and 350 nm). A shift of 17 nm of band I, produced by boric acid/sodium acetate, postulates the presence of two free ortho hydroxyl groups in the 3' and 4' position. A shift of 22 nm of band I, caused by aluminium chloride/hydrochloric acid, indicates the presence of a free hydroxyl group in the 3 or 5 position. Since 1 is stable on addition of sodium methylate, a free hydroxyl group in the 3 position is excluded. Thus, the structure of 1 is tentatively established as 3-methyl-6,7-methylenedioxy-quercetagetin.
Nature and position of the substituent, which is split off on acid treatment from A, i. e. the original compound in the low molecular fraction II, are not yet known.
Information on the remaining compounds B 1 and B 2 and C 1 and C 2 (the compounds of the D series were omitted, because these components were only present in traces), which are not yet resolved into single components, could be obtained by chromatographic comparison of their hydrolysis products with those of A, as shown in Table 2 . Comparison of the hydrolysis products of compounds from low molecular fraction II in thin layer chromatography (solvent systems are described in methods).
1, as obtained from A, is also detected in the HCl hydrolysate of the mixture of B 1 and B 2. Therefore, one of the B compounds differs from A only in the nature of the substituent, which is split off by acid hydrolysis, or in its point of attachment. Finally, also C 1 and C 2 must have the basic quercetagetin structure, because 2 is found after cleavage with hydroiodic acid.
Therefore, in addition to compound A, at least three other derivatives of quercetagetin are present in low molecular fraction II. These findings are in agreement with the results of ZANE and WENDER 7 , who isolated patuletin 3 and spinacetin 4 from spinach leaves, but as free aglycones and not as glycosides.
Low molecular fraction I -cinnamic acid derivatives
The chromophore of the purified low molecular fraction I proved to consist of two quite similar compounds, whose resolution into single components has not yet been achieved (/?/-values in solvent systems c: 0.70, 0.81; d: 0.88; e: 0.02 and f: 0.26, 0.35; red colour reaction with diazotized sulfanilic acid). The UV-spectrum of the mixture of these two compounds in methanol is shown in Fig. 2 .
Only one absorption maximum beyond 250 nm at 312 nm is observed, which can be shifted to 358 nm on addition of sodium methylate. The maximum of fluorescence emission lies at 453 nm (on excitation with 375 nm).
On alkaline hydrolysis, only one acidic hydrolysis product was obtained from the mixture of both compounds, confirming again their close resemblance. By comparison with a commercial sample, the structure of p-coumaric acid could be established 500 m[i. for the hydrolysis product ( Table 3 . Comparison of Rf-\alues of the alkaline hydrolysate of the chromophoric group of low molecular fraction I with that of p-coumaric acid in thin layer chromatography (thin layer chromatography was carried out in different runs, combining g/h and i/j in two dimensional chromatogramm; solvent systems are described in methods).
Identity of p-coumaric acid in the alkaline hydrolysate of the chromophore from low molecular fraction I is confirmed by its catalytic hydrogenation to phloretic acid and comparison with authentic phloretic acid, obtained from p-coumaric acid in the same way (Rf-values in solvent systems g: 0.41 and h: 0.73; purple violet colour reaction with diazotized sulfanilic acid, Amax 277, 285 sh nm).
The substituent, which is split off by alkaline hydrolysis from both compounds, must be linked to the carboxylic group of p-coumaric acid. The hydroxyl group must be free, otherwise the bathochromic shift of 46 nm on addition of alkali cannot be explained. The methyl ester of p-coumaric acid 18 and its phosphorus containing chromophoric group ("P-compound") 19 both stimulate photophosphorylation. Identification of "P-compound" has not yet been achieved, but a number of characteristics of unconjugated pteridines is reported 19 . UV-data, fluorescence behaviour and chemical properties of "P-compound", as reported by Wu et al. 19 , are quite similar to those of the p-coumaric acid derivatives, we obtained from low molecular fraction I from SL-eth • We think it possible therefore that both are identical and therefore "P-compound" should be considered as a p-coumaric acid derivative.
There also might be some connection between the primary acceptor of photosystem I and the light activation factor of WLLDNER et al. 20 . Ribulosediphosphate carboxylase from tomatoe plants shows a stimulation of activity upon irradiation with light of 325 nm. Responsible for light activation is a protein with a chromophore, absorbing at 325 nm and identified as chlorogenic acid 20 . But the possibility cannot be ruled out that another compound with similar spectroscopic properties (i. e. a p-coumaric acid derivative) but in low concentrations is masked by chlorogenic acid, which is one of the most common phenolics in plants 20 .
